INTRODUCTION
Cytochrome b-559 was originally detected in thylakoids of spinach as a b-type cytochrome with an a-peak at 559 nm (4) . Subsequent studies of the oxidation-reduction potential of this cytochrome revealed the presence of multiple forms all of which had a-peaks at 559 nm, but which differed in potential by as much as 300 mV. A high potential form (cytochrome b-559HP) is hydroquinone reducible. Some of the low potential forms (cytochrome b-559LP) are reducible by ascorbate whereas others can only be reduced by dithionite (3, 10, 11, 12, 22, 23, 44) .
It is unknown whether cytochrome b-559HP and cytochrome b-559LP are different polypeptides with different functions or whether they are just different forms -conformations -of the same molecule and interconvertible (44) . The low potential form may be a denaturation product of cytochrome b-559HP without any special function (32) . Nevertheless, studies using mutants of Chlamydomonas indicated that the pool of ascorbate-reducible cytochrome b-559 photooxidizable at 77K is different from the pool photooxidizable in the presence of carbonylcyanide-p-trifluoromethyloxyphenylhydrazone (FCCP) (35) . In contrast to chloroplasts, etioplasts contain no cytochrome b-559HP (18, 37) .
All the various functions ascribed to eytochrome b-559 are associated with photosystem II: Purified photosystem II particles are highly enriched in cytochrome b-559 indicating that cytochrome b-559 is tightly bound to this photosystem (19, 31, 39) . In vitro experiments show that cytochrome b-559 can be involved in cyclic electron transport around photosystem II (17) . Cytochrome b-559 can be reduced by photosystem II competing with cytochrome f for electrons from plastoquinone (53) . However, cytochrome b-559 appears not to be a member of the main electron transport chain from water to NADP, as it is reoxidized by ferricyanide in the presence of DBMIB (53) . An antibody against cytochrome b-559 reduces the degree of reoxidation (10) . At liquid nitrogen temperature cytochrome b-559 is oxidized by photosystem II (5, 30, 40, 49 ). An oscillatory pattern, which paralleles the state of photosystem II was observed (49) . Oxidation of cytochrome b-559 by photosystem II has also been found at room temperature in Tris-treated chloroplasts in the presence of DCMU. This photooxidation was suppressed by the addition of Mn §247 ions (46) . A possible involvement of cytochrome b-559 in oxygen evolution of photosynthesis has been discussed (6, 9, 28, 43) . Cytochrome b-559 has been reported to contain bound 13-carotene (14) . It is therefore interesting that the extraction of 13-carotene and plastoquinone from freeze-dried chloroplasts by means of heptane eliminates the water splitting activity and at the same time transfers cytochrome b-559HP into a low potential form (41) . Upon readdition of 13-carotene the O2-evolving activity is reconstituted and a partial reconversion of the cytochrome b-559LP into the high potential form is observable. A possible role of cytochrome b-559 as the DCMU-binding protein has also been discussed (24) .
Cytochrome b-559 was initially isolated by fractionation of the thylakoid membranes of spinach using urea and the detergent Triton X-100. From these studies it was concluded that cytochrome b-559 is "a mosaic lipohaemoprotein molecule" with seven to ten subunits (51) . The apparent molecular weight of the subunits isolated from spinach was found to be around 6,000 by SDS-polyacrylamide gel electrophoresis. However, a later isolation of cytochrome b-559 from spinach indicated a subunit molecular weight of 37,000 (33) . An algal cytochrome b-559 was found to have a subunit molecular weight of 17,000 (33) . Nevertheless, a molecular weight in the range of 6,000 to 10,000 is generally accepted for the subunits of cytochrome b-559. A distinct polypeptide within this molecular weight range was not observed in photosystem II vesicles from spinach and barley and in photosystem II preparations from blue green algae, although these preparations were highly enriched in cytochrome b-559 (19, 31) . These observations and the conflicting results in the literature on the molecular properties of cytochrome b-559 prompted the initiation of this investigation.
MATERIALS AND METHODS

Plant material
Seeds of wild-type barley (Hordeum vulgare cv. Sval0fs Bonus) were germinated in vermiculite moistened with tap water. Seedlings were harvested after growing for 7 days at 20 ~ in continuous white light (1700 lux) or after growing for 5-6 days in the dark.
Isolation of plastid membranes
Chloroplasts were prepared by homogenizing (29) precooled leaves (typically 1.2 kg) in a medium composed of 0.35 M-NaCl and 50 mM-Tris/ HCI (pH 8.0) (52) . The homogenate was filtered through two layers of 31~tm nylon gauze and centrifuged for 5 min at 8.000 g. The chloroplast pellet thus obtained was osmotically lyzed in 35 mM-NaCl and the lamellar systems were isolated by centrifugation for l0 min at 25.000 g.
Etioplasts were isolated in a medium composed of 0.6 M-glycerol and 100 mM-tricine/ NaOH (pH 7.9) (15) by centrifugation of the homogenate for 7 min at 2.000 g. The etioplasts were osmotically lyzed in 50 mM-Tris/HC1 (pH 8.0), and the thylakoid membranes isolated by centrifugation at 23.000 g for 10 min.
Isolation of cytochrome b-559
Isolation of cytochrome b-559 from chloroplasts was carried out using two different procedures. One procedure is based on that developed by WASSERMAN (51) and involves the use of strongly denaturing conditions (section 2.
3.1).
A second procedure is based on less denaturing conditions and results in the isolation of cytochrome b-559 as a component of a membrane particle of simple composition (section
2.3.2).
Finally, a third and even less denaturing procedure was necessary in order to solubilize cytochrome b-559 from etioplasts without destruction of the cytochrome (section 2.3.3).
3.1. Isolation of cytochrome b-559 from
chloroplasts using strongly denaturing conditions (13, 51) The chloroplast lamellar systems (section 2.2) were resuspended in 10 mM-NaCI, and a solution of 0.75 mM-EDTA (pH 8.0) was added to obtain a final chlorophyll concentration of 0.1 mg" ml ~. The suspension was homogenized using a mechanically driven pestle and was centrifuged for 20 min at 48,000 g. Complete removal of chloroplast coupling factor (CF~) from the pellet thus obtained was achieved by 10 repeated cycles of resuspending the pellet in 0.75 mM-EDTA (pH 8.0) to a chlorophyll concentration of 0.6 mg" ml ~ followed by centrifugation at 48,000 g for 8 min (36) . The final pellet was resuspended (2 mg chl-ml J) in 35 mM-NaCI/20 mM-Tris/ HC1 (pH 8.0), 9 volumes of cold ethanol (-20 ~ were added, and the mixture was homogenized for 1 min in a blender (29) . The homogenate was centrifuged immediately (4 min at 27,000 g), and the delipidation of the thylakoid membranes enhanced by repeating the delipidation step in the same volume of cold absolute ethanol. The membrane pellet thus obtained was whitish with a green-brownish tint. The pellet was washed by three cycles of resuspension in 50 mM-Tris/HCl (pH 8.0) and centrifugation at 30,000 g for 5 min. Cytochrome b-559 was then extracted from the membrane pellet by homogenization with 12 pellet volumes of 4 M-urea/2% Triton X-100/50 mM-Tris/HCl (pH 8.0) using a motor driven pestle and subsequent sonication of the homogenate for 5 times 30 sec. The sonication was carried out with a MSE MK 2 Sonicator fitted with a 10 mm probe and adjusted to a peak to peak amplitude of 18 microns. Samples were immersed in an ice bath to maintain the temperature below 5 ~ A clear brownish extract containing solubilized cytochrome b-559 was obtained by centrifugation of the sonicate for 30 min at 30,000 g and subsequent centrifugation of the resulting supernatant for 30 min at 90,000 g. The extract was made 5 mM with respect to DTT and loaded on a DEAE Sepharose CL 6B (Pharmacia Fine Chemicals, Uppsala, Sweden) column (2.6 x 25 cm). The column was extensively washed with a buffer composed of 2 M-urea/2% Triton X-100/ 50 mM-Tris/HCl/2 mM-DTT (pH 8.0). This produced a series of turbid fractions with a slight greenish tint. These fractions were enriched in cytochromef Elution was then started by incorporation of a linear salt gradient (0-200 mMNaCI) in the washing buffer. Small amounts of cytochrome b-563 were eluted at the very low salt concentrations whereas cytochrome b-559 was eluted from the column as a strong red coloured band at the higher salt concentrations. The fractions containing high amounts of cytochrome b-559 were combined, dialyzed for 4 hours, and rechromatographed on a second ion-exchange column.
2. Isolation of cytochrome b-559 from chloroplasts using less denaturing conditions
The chloroplast lamellar systems (section 2.2) were resuspended in 10 mM-NaC1 to partially release chloroplast coupling factor (CF~) (38) . The washed lamellar systems were collected by centrifugation (20 min at 25,000 g). After resuspension of the pellet in 35 mM-NaCI/20 mM-Tris/ HC1 (pH 8.0) to a final chlorophyll concentration of 4 rag. m1-1, 9 volumes of cold ethanol (-20 ~ were added to the suspension, and the mixture was homogenized for 5 seconds at the slowest speed of the homogenizer (29) . The homogenate was spun for 30 sec at 5,000 g, and the precipitate obtained was subjected to two identical ethanol extractions carried out as fast as possible. The final dark brown pellet was washed with 25 mM-Tris/HCl (pH 8.0) and recovered by centrifugation (5 min at 10,000 g). This washing step was repeated twice to remove ethanol. Homogenization of the pellet with 1% Triton X-100/25 mM-Tris/HC1/2 mM-DTT (pH 8.0) followed by sonication of the homogenate for a total of 60 sec with the sonicator adjusted to produce a peak to peak amplitude of the probe of 6 microns was sufficient to solubilize cytochrome b-559. Unsolubilized material was removed by two successive 30 rain centrifugations at 30,000 and 90,000 g, respectively. The clear cytochrome b-559 containing supernatant was loaded on a DEAE-Sepharose CL 6B column. The column was washed with 0.2% Triton X-100/2 mM-DTT/ 25 mM-Tris/HCl (pH 8.0), and cytochrome b-559 was eluted by the use of a steep linear salt gradient (0-400 mM-NaCI). To avoid decomposition of the cytochrome, the chromatographic elution was carried out as fast as possible. The cytochrome b-559 containing fractions were dialyzed to reduce their salt concentration and reloaded onto a second DEAE Sepharose CL 6B column. After extensive washing, cytochrome b-559 was eluted using a shallow salt gradient (0-200 mM-NaC1).
3.3. Solubilization of cytochrome b-559 from etioplasts
Washed etioplast membranes isolated from 1.2 kg of etiolated leaves (section 2.2) were carefully resuspended in 100 ml of 0.05% Triton X-100/50 mM-Tris/HC1 (pH 8.0). After stirring occasional for 15 min, the suspension was centrifuged at 17,400 g for 10 min. This Triton X-100 treatment does not solubilize cytochrome b-559 from the membranes but only serves to release loosely bound components. Cytochrome b-559 was then solubilized by three successive extractions of the membranes with 50 mM-Tris/HC1 (pH 8.0) containing 0.1, 0.2, and 0.5% Triton X-100, respectively. The exact Triton X-100 concentration needed for solubilization varied from one experiment to the other. However, the supernatant containing cytochrome b-559 was easily selected by difference spectroscopy. This supernatant was clarified by an additional centrifugation step (30 min at 90,000 g), and loaded on a DEAE CL 6B Sepharose column. The column was washed with a buffer composed of 50 mM-Tris/HC1 (pH 8.0), 0.2% Triton X-100 and 2 mM-DTT. Cytochrome b-559 was eluted using a linear salt gradient (0-200 mM-NaC1).
Cytochrome determination
Cytochromes were identified and quantitated by reduced minus oxidized difference spectroscopy at room temperature using an Aminco DW-2a spectrophotometer. Potassium ferricyanide (K3[Fe(CN)6]) and ammonium persulfate were used as oxidants, hydroquinone and sodium dithionite as reductants. A millimolar extinction coefficient of 20 cm 2. mmole ~ was used for the quantitative evaluation of the cytochrome b-559 spectra.
Electrophoretic analyses
Sodium dodecyl sulfate polyacrylamide gel electrophoresis was carried out at 10 ~ using linear gradient gels (11-15%) as previously described (7, 34) . Non-denaturing polyacrylamide gels containing Triton X-100 as detergent were prepared as in (51) . After electrophoretic fractionation of the proteins, the gels were stained with tetramethylbenzidine (TMBZ) (26, 48) and subsequently with the protein stain Coomassie Brilliant Blue R250. The molecular weights assigned to the polypeptides in the low molecular weight range are highly inaccurate and are only given as a guide.
High performance liquid chromatography
Analyses were performed using a Waters Assoc. (Milford, Mass., USA) instrument composed of a Model 6000 A solvent delivery system, a WISP automatic injector, a Model 450 variable wavelength detector, a Data Module and a System Controller. All separations were carried out on a Protein Column 1-250 using isocratic elution with a buffer composed of 2 M-urea, 0.2% Triton X-100, 2 mM-DTT, 50 mM-Tris/HCl (pH 8.0) and 250 mM-NaC1. Molecular weight calibration of the column was carried out using ferritin (MW 450,000), catalase (MW 240,000), bovine serum albumin (MW 63,000) and cytochrome c (MW 12,500) as reference substances. The elution profile was followed spectrophotometrically at 281 nm. The high absorption of Triton X-100 at this wavelength was compensated for by passing the elution buffer through the reference cuvette. The reduced forms of cytochrome b-559 and cytochromefhave strong absorbance at 429 nm (Soret band region (51)). The specific elution of cytochromes was therefore easily monitored using 429 nm as the detection wavelength. The flow rate was 1 ml. min -1.
Preparation of antibodies to cytochrome
b-559 Antibodies were prepared against cytochrome b-559 isolated as described in section 2.3.1. Immunization was carried out by the exclusive use of samples which revealed only one band in the low molecular weight region of the SDS-polyacrylamide gel. Fractions containing about 70 lag of cytochrome b-559 were mixed with FREUND'S incomplete adjuvant (1:1 v/v) and injected subcutaneously into rabbits. The injected samples contained 1% Triton X-100 and 2 M-urea. The immunization schedule was described earlier (27) . Purification of the antibodies was performed according to HARSOE and INGtLD (16).
Double immnno diffusion assays
Immunodiffusion assays according to Ot;CHTERLONV (42) were performed at room temperature for 24 hours in 1% agarose containing 50 mM-Tris/HC1 (pH 8.6) and 100 mMNaCI.
Immuno blotting
Electrophoretic transfer of proteins from SDSpolyacrylamide gels onto nitrocellulose paper (Millipore HAHY, pore diameter 0.45 lain) was done in a buffer composed of 25 mM-Tris/HC1, 192 mM-glycine and 20% (v/v) methanol (pH 8.3) at 60 V = and 0.8 -0.9 A for 5.5 hours. Rabbit antibodies bound to the respective antigens were made visible on the paper by peroxidase-conjugated goat-anti-rabbit antibodies using o-dianisidine and H202 as substrates for the peroxidase.
Additional analytical procedures
Chlorophylls were determined in 80% acetone and quantified according to ARNON (1) . Amino acid analysis was carried out after hydrolysis of the protein in 5.7 M-HC1 at 110 ~ for 24 hours in evacuated sealed tubes.
RESULTS AND DISCUSSION
Cytochrome b-559 has earlier been isolated from spinach (51, 54) . The preparation method used was based on the isolation of chloroplast lamellar systems, partial delipidation of these by ethanol extractions, and solubilization of the chloroplast cytochromes by sonication in a medium containing 4 M-urea and 2% Triton X-100. The cytochrome containing extract was passed through a DEAE-Cellulose column. This resuited in the binding of some impurities to the column whereas the cytochromes did not bind and thus were recovered in the run off. The run off was concentrated and applied to preparative Triton X-100 polyacrylamide gels. After electrophoretic separation, cytochrome b-559 was obtained as an orange pink band on the gels. Due to the presence of a "trouble fraction" (13), the preparative gel step did not always result in a clear separation of cytochrome b-559 from other components of the extract. This step also severely limits the amounts of cytochrome b-559 which can be isolated. We have therefore modified the isolation procedure to avoid this limiting step. This was possible by substituting the DEAE-Cellulose (Whatman DE 11, Whatman Ltd., Springfield Mill, Kent) originally used with DEAESepharose CL 6B (Pharmacia Fine Chemicals, Table I Amino acid composition of cytochrome b-559. (Figure 2A ). The band is very diffuse, probably because the same region of the gel also contains low molecular weight components like free lipids and Triton X-100. Amino acid analysis of the isolated cytochrome b-559 reveals a high content of hydrophobic amino acids (Table I) . lsoleucine, leucine, and phenylalanine are particularly abundant whereas methionine, lysine and tyrosine are present in low amounts. The amino acid composition is similar to that earlier reported (14) . Based on the amino acid analysis, the lowest molecular weight possible for cytochrome b-559 is 9,000. The corresponding value in the literature is 12,450 (14) . These values are again in agreement with the low molecular weight band observed upon SDS-PAGE. In contrast, gel filtration in the presence of Triton X-100 using high performance liquid chromatography, revealed a molecular weight of 120,000. This value is in agreement with a molecular weight of 117,000 as determined by ultracentrifugation studies (14) . The high molecular weights obtained when the strong denaturing detergent SDS is omitted suggests that cytochrome b-559 is composed of several low molecular weight polypeptides. Determination of the heme content of the cytochrome b-559 preparation showed a protein equivalent weight of 30,000 per molecule of heme. This equivalent weight compared with a value of 45,900 determined using a biuret assay (14) .
Amino-
Analysis of the cytochrome b-559 preparation on a Triton-polyacrylamide gel reveals one, occasionally two orange bands (Figure 4) . Upon staining the gel with TMBZ, the upper one of these is strongly stained whereas the lower one does not stain ( Figure 4A ). In those cases where two orange bands are present both of these can subsequently be stained with Coomassie Brilliant Blue R250 ( Figure 4B ). An additional weakly stained band can sometimes be observed. Each of the orange bands were cut out from the gel and divided into two segments one of which was soaked in 1 mM-ferricyanide, and the other in 1 mM-dithionite. Difference spectroscopy using these segments mounted onto the cuvette surfaces, revealed the presence of cytochrome b-559 in the upper orange band whereas the lower one did not contain cytochrome b-559 ( Figure 5 ). In most preparations only the upper orange band was present. Consequently, the material in the lower band is thought to be a decomposition product of that in the upper band.
This was further substantiated by SDS-PAGE. Upon staining with Coomassie Brilliant Blue, both of the orange bands showed the presence of a polypeptide at M r 9,300 and occasionally of a minor component at Mr 9,000 ( Figure  2B ). None of these two low molecular weight bands on the SDS-polyacrylamide gels can be stained with TMBZ. In contrast, two TMBZ staining bands are observed at M r 32,000 and 30,000 when freshly isolated cytochrome b-559 is applied ( Figure 2C) . Storage of the cytochrome b-559 preparation or repeated freezing and thawing greatly reduces the staining intensity. More over when the cytochrome b-559 preparation was boiled in the presence of SDS before electrophOretic analysis, no TMBZ staining bands were observed. Surprisingly, after destaining the gel in a sodium sulfite solution (48) , subsequent staining with Coomassie Brilliant Blue R250 did in no case produce superimposable stained bands ( Figure 2B ). Although the TMBZ stain is much more sensitive than Coomassie Brilliant Blue, this still indicates that the polypeptides present at Mr 32,000 and 30,000 have an extremely low staining affinity for Coomassie Brilliant Blue. Probably, the binding sites for Coomassie Brilliant Blue are blocked by lipids. This hypothesis is substantiated by the observation that the sharpness of the low molecular weight polypeptide bands and their affinity towards binding of Coomassie Brilliant Blue are much increased when the fractionation step on the Triton X-100 gel (removal of lipids) is incorporated before SDS-PAGE (Figure 2A and B) .
The cytochrome b-559 preparation contains 1 heme per 30,000 molecular weight protein whereas the molecular weight of cytochrome b-559 as determined by HPLC analysis in the presence of Triton X-100 was found to be 120,000 ( Figure 3C ). It is not known to which extent lipid and Triton X-100 contribute to this molecular weight. A similar analysis of the cytochrome f containing fractions reveals components at M r 74,000 and M r 540,000 ( Figure 3B ). Due to their strong absorbance at 429 nm (Soret band), these two components most likely reflect the elution of cytochromefin a non-aggregated and aggregated form, respectively. Cytochromefhas a protein equivalent weight of 61,000 per mole of heme (51) and shows only one polypeptide at Mr 32,5000 upon SDS-PAGE (51) . Thus the two TMBZ staining bands at M r 32,000 and 30,000 observed in the cytochrome b-559 preparation after SDS-PAGE could reflect a similar situation with regard to the high molecular weight of undenatured cytochrome b-559. As mentioned above, these two polypeptides demonstrate properties characteristic for b-type cytochromes, such as loss of their TMBZ staining abilities upon heating. This is in contrast to the properties of ctype cytochromes and directly excludes cytochromefas a candidate for one of the TMBZ bands in spite of its similar molecular weight on SDS-PAGE (21, 51) . Considering these arguments, it seems unlikely that the two TMBZ bands ( Figure 2C ) are simple impurities in the cytochrome b-559 preparation.
The low molecular weight component in the M r 9,000 region on the SDS-gels suggests that cytochrome b-559 can fall apart into even smaller components when solubilized in SDS and subjected to SDS~ This possibility was tested by substituting sodium dodecyl sulfate (SDS) with lithium dodecyl sulfate (LDS), because the lithium salt has been reported to improve the retention of heme on the other b-type cytochromes (47) . The cytochrome b-559 was solubilized using three different concentrations of LDS (Figure 6 ). All three treatments produced an identical Coomassie Brilliant Blue R250 pattern showing one band at Mr 7,000. In contrast, the initial staining of the gel with TMBZ produced a series of bands none of which were observed after electrophoresis in SDS. The apparent molecular weights of the corresponding polypeptides are 120,000, 34,000 (a doublet), 18,000, 9,500, and 7,000. Upon increasing the LDS-concentration, the species of higher molecular weights were dissociated and the staining intensity of the bands shifted towards those of the low molecular weights. The bands observed on the LDS-polyacrylamide gel are unsharp and diffuse. This supposedly reflects the fact that the samples are only partially denatured under the conditions used. The Coomassie Brilliant Blue R250 staining band has a molecular weight of only 7,000 in this system compared to that of 9,300 observed by SDS-PAGE. However, the molecular weights assigned to polypeptides in this low molecular region are highly inaccurate and the two values given cannot be considered significantly different. It is noteworthy that after LDS-PAGE the low molecular weight band is also stainable with TMBZ. This may be taken to mean that the heme group of the b-type cytochrome under suit- Wavelength, nm Figure 5 . Cytochrome b-559 difference spectra of the two orange bands observed on the Triton X-100 polyacrylamide gel. able conditions can be retained on this small polypeptide. It cannot be excluded, however, that loss of the heme group from higher molecular weight species during electrophoresis may cause a subsequent unspecific binding to the M r 7,000 component.
The stability of cytochrome b-559 towards detergents may be highly dependent on the amount of lipids retained on the isolated molecule. The procedure used to isolate cytochrome b-559 (section 2.3.1) is quite drastic in this respect using repeated ethanol extractions, sonication and extraction in 4M-urea/2% Triton X-100. To possibly obtain a more stable cytochrome b-559 molecule, a milder isolation procedure was designed (section 2.3.2): The ethanol extraction steps were made as short as possible and the solubilization of cytochrome b-559 was carried out in 1% Triton X-100 thus avoiding the inclusion of urea. Finally, for sonication a much smaller amplitude of the sonicator probe was used. The extract obtained was immediately loaded on the ion exchange column and elution was performed using a steep salt gradient. SDS-PAGE of the cytochrome b-559 containing fractions thus obtained reveals the presence of a large number of different thylakoid polypeptides. The cytochrome b-559 containing fractions 34 and 35 are enriched in polypeptides of Mr 33,000, 21,000, 18,000, 11,000, and 8,000 ( Figure 7A) .
The TMBZ staining pattern of the same fractions indicate an enrichment in two TMBZ staining bands at M, 32,000 and 30,000 ( Figure 7B now produced cytochrome b-559 fractions of a much simpler composition ( Figure 7A ). Difference spectroscopy ( Figure 7C ) indicates the elution of cytochrome b-559 in fractions 54 to 56 which upon SDS-PAGE reveal two TMBZ staining bands at M r 32,000 and 30,000. The Coomassie Brilliant Blue band at M r 8,000 also peaks in the same two fractions ( Figure 7A ). Three additional polypeptides with M r 33,000, 21,000, and 18,000 are also present in these cytochrome b-559 containing fractions. However, their elution profile is shifted compared to the elution of cytochrome b-559 (cf Figure 7A and the difference spectra in Figure 7C ).
Judged solely from their electrophoretic mobilities, the polypeptides at M r 33,000, 21,000, and 18,000 could be those which are released from inside-out vesicles of barley upon washing with NaC1 (20) . This treatment results in the loss of the capacity for oxygen production. If the assignment of these polypeptides is correct, this would indicate that cytochrome b-559 can be isolated from the thylakoid membrane as a component of a particle in which it is intimately associated with other photosystem II polypeptides. The electrophoretic behaviour of the cytochrome b-559 itself was identical to that observed for cytochrome b-559 prepared under highly denaturing conditions: Thus the mild isolation procedure used did not result in the presence of higher molecular weight aggregates after electrophoretic separation. The sensitivity of the isolated cytochrome b-559 towards SDS was also apparent from analysis using difference spectroscopy. When kept at room temperature in the presence of an SDS concentration of 0.1%, the half life of the cytochrome was only 40 min. The UV2s 0 absorption of the fractions obtained from the second column ( Figure 7C ) showed a maximum in fractions 54 to 58. Following electrophoretic separation, staining with Coomassie Brilliant Blue R250 resulted in the strongest total staining intensity at higher fraction numbers. Only the elution profile of the M r 8,000 polypeptide follows that of the UV absorption. This again illustrated the extremely low affinity of Coomassie Brilliant Blue towards the Mf 8,000 polypeptide.
The two isolation procedures described for cytochrome b-559 (sections 2.3.1 and 2.3.2) both result in the isolation of cytochromes b-559 which are not reducible by hydroquinone and which therefore are assigned as low potential forms. The isolated low potential form of cytochrome b-559 may be derived from low potential cytochrome b-559 originally present in the thylakoids. Alternatively, it may be derived from high potential cytochrome b-559 since the latter would be converted into a low potential form by the detergents used during its isolation. Since it remains to be established whether the low and high potential forms of cytochrome b-559 have an identical protein moiety or not, the possibility of the isolation of two different proteins has to be considered. The high potential form of cytochrome b-559 is not present in etioplasts (18, 37) . Isolation of cytochrome b-559 from this plant material would accordingly be expected to result in the isolation of the protein moiety of an in situ low potential form of cytochrome b-559 Surprisingly, the attempt to isolate cytochrome b-559 from etioplasts using either of the two previous mentioned isolation methods was unsuccessful. Based on reduced minus oxidized difference spectra of cytochrome b-559, the form present in etioplasts was found to be very labile. Attempts to extract the cytochrome using 4 Murea and 2% Triton X-100 resulted in immediate and complete destruction of the cytochrome. Whereas careful homogenization in a 1% Triton X-100 containing buffer did not cause extensive decomposition of the cytochrome, subsequent sonication of the homogenate caused a complete loss of the cytochrome difference spectrum. The mild solubilization procedure described in section 2.3.3 was therefore developed. The purification procedure results only in a partial purification of cytochrome b-559. SDS-PAGE followed by staining with TMBZ results in two bands of M r 32,000 and 30,000 with mobilities identical to those obtained with cytochrome b-559 isolated from chloroplast thylakoids. As only partial purification is obtained, the corresponding Coomassie Brilliant Blue pattern is complex. This prevents conclusions regarding the identity of the polypeptide components of cytochrome b-559 from chloroplasts and etioplasts.
Cytochrome b-559 isolated from chloroplasts and containing only one Coomassie Brilliant Blue band at M r 9,300 ( Figure 2B ) was injected f these fractions contain a multiplicity of additional polypeptides. No precipitate was formed. E a However, subsequent addition of the cytochrome b-559 antigen again formed an orange precipitate.
The antibody against chloroplast cytochrome b-559 recognizes both chloroplast and etioplast cytochrome b-559. This is shown by the fact that it reacts with both preparations in the immunodiffusion test according to OUCHTERLONY (42) . One precipitation line is formed against Figure 7A . Purification of cytochrome b-559 by column chromatography as monitored by SDS-PAGE.
Cytochrome b-559 was purified under the less denaturing conditions indicated in section 2.3.2. Fractions 34 and 35 from the first column were found by difference spectroscopy to contain cytochrome b-559. The two fractions were combined, dialyzed, and applied to the second column. Cytochrome b-559 was eluted from the second column using a less steep salt gradient. The brackets on the figure indicate Coomassie Brilliant Blue R250 bands characteristic for the cytochrome b-559 containing fractions. The position of the three TMBZ -staining bands in the 30,000 molecular weight region (see Figure 7B ) is indicated with arrow heads. After incubation for 10 min, the samples were centrifuged. Non-precipitated cytochrome b-559 was present in the supernatant and was quantitated by difference spectroscopy. Pre-immune serum was used as a control.
each preparation, the two lines being identical ( Figure 9 ). Both destacked chloroplast thylakoids and etioplast membranes are agglutinated by the antiserum, although the rate of agglutination with etioplast membranes is slower. The pre-immune serum does not produce any agglutination. Thus it appears that the antibody against chloroplast cytochrome b-559 does not recognize the difference between chloroplast and etioplast cytochrome b-559 although they differ in physical stability.
The agglutination of destacked thylakoids by the antibody to cytochrome b-559 demonstrates that at least a fraction of the cytochrome b-559 molecules is located in the thylakoid membrane in such a way that some of the antigenic determinants of these cytochrome molecules are accessible to the antibody. Several possible functions of cytochrome b-559 in the photosynthetic electron transport have been indicated (cf. Introduction).
In an attempt to investigate this matter, the influence on photosynthetic electron transport of the antibody raised against cytochrome b-559 was tested. No influence of the antibody on the electron transport from water to methyl viologen, dichlorophenol indophenol or p-phenylbenzoquinone could be detected in destacked thylakoids. The photoreduction of ferricyanide in the presence of DBMIB was inhibited up to 60% by the antibody, in some experiments, while in others no inhibition was obtained. Thus thylakoids prepared in Tris buffer at neutral pH seem more sensitive towards inhibition than thylakoids prepared in Hepes buffer. The inhibitory effect of the antibody was even smaller (less than 10%) when inside-out vesicles were used. A similar observation of variable inhibition has been reported by CRAMER (10) .
The present study establishes immunological cross reactivity between the low potential form of cytochrome b-559 found in etioplasts and the low potential form isolated from chloroplasts. Whether the low potential form isolated from chloroplasts is derived from the high potential form present in the thylakoids or represents an originally low potential form remains an open question. Gentle sonication of ethanol particles in buffer containing 4 M-urea and 2% Triton X-100 results in solubilization of cytochrome b-559 containing an approximately 1:1 ratio of the high and low potential forms (32) . With time the high potential form is converted into a low potential form. Conversion of the high potential form of Figure 9 . Double immunodiffusion test according to Ouchterlony (42) .
The antiserum to chloroplast cytochrome b-559 (ct) precipitates both cytochrome b-559 isolated from chloroplasts (a) as well as a cytochrome b-559 preparation from etioplasts (b). cytochrome b-559 into a stable low potential form is likewise easily achieved by the addition of detergents (2), delipidation (41) , and other treatments (44) of thylakoids. It was therefore unexpected to observe a very labile low potential form of cytochrome b-559 in etioplasts. By its limited physical stability etioplast cytochrome b-559 is clearly distinguishable from the stable low potential form of the chloroplast. It is tempting to speculate that a similar very labile low potential form of cytochrome b-559 is also present in chloroplasts. This low potential form would have been destroyed during the fractionation procedures hitherto used.
A cytochrome enriched fraction containing cytochrome f, cytochrome b-563 as well as cytochrome b-559 has been obtained by digitonin fractionation of spinach thylakoids (8) . In contrast, a highly purified cytochromef/b-563 complex (25) with retained plastoquinol-plastocyanin-oxidoreductase activity did not contain any detectable cytochrome b-559. The preparation was composed of five Coomassie Brilliant Blue stained polypeptides. Unexpectedly three of these polypeptides (M r 34,000, 33,000 and 23,500) could be stained with TMBZ. The two bands at M r 34,000 and 33,000 have electrophoretic properties comparable to those of cytochrome b-559 from barley etioplasts studied in the present paper. It may therefore be that the sensitive TMBZ stain reveals in addition to cytochromef a remaining small amount of this labile low potential form of cytochrome b-559, which in the thylakoids was present in significant amounts, but which after the preparation of the particles remained in amounts too low to be detected by difference spectroscopy.
